Polish rivers, which make up 20% of the Baltic Sea's catchment area, transport a load of nitrogen and phosphorus compounds into the sea. Theoretically, this load should be strongly correlated with the amount of water flowing in those rivers. However, this is not the case, especially in terms of the phosphorus compounds, since most of them come from point source pollution. The outflow load is also significantly influenced by nonpoint source pollution from farmland, which is very difficult to quantify. About 50% of nitrogen and 30% of phosphorus appear to come from nonpoint source pollution. It is important to realize that the load from nonpoint source pollution also includes the load of phosphorus and nitrogen transformed by lakes. Only recently, however, has this issue been mentioned in the specialist literature. In Polish studies on lake balance this remains a marginal issue. A limited number of observations indicate that lakes are capable of both limiting and increasing the load (mainly from the bottom sediments). This article presents some data on this issue which suggest that the roles of lakes in the transformation of the load of biogenic substances may be significant, but diverse.
INTRODUCTION
Since the Baltic Sea is connected to the ocean by narrow straits it does not get much ocean water. The surrounding land areas feed the Baltic Sea with river water which contains a growing amount of anthropogenic contaminants. This process intensified in the mid-20 th century. Since then the quality of Baltic water has deteriorated (Niemirycz 2008) . This inspired the foundation of the Helsinki Commission which includes all the Baltic states. The Commission governs the Convention on the Protection of the Marine Environment of the Baltic Sea signed in Helsinki on 22 March 1974 (the updated version of the Convention was created in 1992). Since 1986 Poland and other Baltic states have monitored surface waters in order to estimate the size of the main sources of contamination, followed by their gradual elimination. It proved straight forward to counteract point sources of pollution, especially once the national program for sewage treatment was introduced (Gromiec 2004) . It is much more difficult to counteract nonpoint source pollution, i.e. surface inflows of nitrogen and phosphorus compounds predominantly coming from fertilizers used in farming and animal breeding.
The southern regions of the Baltic Sea catchment area carry the highest population density of the Baltic states ( Fig. 1) , and 50% of this population lives in Poland (Niemirycz et al. 1996) . Sixty to seventy percent of the farmland in the catchment area is located in Germany, Denmark and Poland. Sweden, Finland and Russia have much smaller amounts of farmland in the catchment area -about 10% (Fig. 2) . Because of this a large amount of the contaminated water, predominantly contaminated by biogenic substances, which flows into the Baltic Sea comes from its southern shores (Helcom 2004 (Helcom , 2010  Fig. 1,  2 ).
An estimation of the size of the load of contaminants brought to the Baltic Sea by rivers indicates that about 25% of the nitrogen and about 40% of the phosphorus comes from the territory of Poland. Out of that amount about 50% of the nitrogen and about 30% of the phosphorus comes from nonpoint sources of contamination (Taylor et al. 1992 , Niemirycz et al. 1993 , Dojlido et al. 1994 , Mioduszewski et al. 2000 , Niemirycz 2011 ). Measurements of concentration and flow for calculating loads are taken at the selected measurement cross sections of larger rivers. In most cases they close catchment basins of significant areas, such as those measuring tens of thousands of square kilometers. In these areas there are fields, but also lakes, across and through which much of the water flows. In fact, in the Polish lakeland areas it is difficult to find a river which does not flow through a lake. Lakes can halt some of the load but they can also add to the load from the resources accumulated in their ecosystems, predominantly in the deposits. It needs to be stressed, thus, that in estimating the load of biogenic substances from the Polish lakelands the load from about 7 thousand lakes was also incorporated. Studies into the transformation of the biogenic load by lakes have been started only recently. This article aims at presenting some estimation in this matter based on the authors' own studies and the specialist literature.
Methodology and scope of research
The inflow of water and biogenic matter into the Baltic Sea and precipitation levels were taken from the chapter on environmental protection of Poland's Central Statistical Office (Environment 2008) as well as from earlier yearbooks of statistics. This data was used to construct figures 3 through 7 and Table 1 . The data on precipitation refers to the catchment basins of the Polish rivers, which is about 10% larger than the territory of the country. This is the reason the water inflow into the Baltic Sea in Table 1 was given for both the catchment basin and the territory of Poland. The data on the inflow of phosphorus and nitrogen refers to the territory of Poland.
There is no data on the water flowing through lakes as studies into lake balance are small-scale only. As a result, the inflow from the lakes was only an estimate and the calculations were based on selected larger lakes of over 100 ha. Such a limitation was caused by two issues. First, studies including all the lakes would be time-consuming. Second, water and biogenic substances can only be transformed in larger lakes. Endorheic lakes as well as lakes significantly transformed by human activity were excluded from the study. Each lake had its total catchment basin determined. This was based on publications on the hydrography of Poland (Czarnecka 2005) . The limits of some of the catchment basins were corrected and larger endorheic areas were excluded. For the catchment basin of each lake the mean unit outflow was calculated on the basis of a map of mean isolines from the Hydrological Atlas of Poland (Stachý 1987) . Mean unit outflow from a given catchment basin was used to determine the outflow from the lakes.
Calculations regarding the influence of the studied lakes (Table 2 ) on the transformation of loads of phosphorus and nitrogen were conducted at diverse times and for a varied period of time. The lakes Sława, Ostrowiec, Krępsko and Jasień were researched in the years 1991-1997 as part of the benchmark monitoring of the Polish lakes. Some of the results presented here have already been published , while some data come from the archives. The range of the research within the above monitoring project included, among other things, measurement of the load of phosphorus and nitrogen on the streams flowing into and flowing out of the lakes. The frequency of the measurements (twice to four times a year) was not enough to precisely calculate the load. However, even an approximate load, measured for seven consecutive years, enables the authors to estimate the general influence of the lakes on its transformation. The lakes of the fluvio-lacustrine system of Kamionki (the lakes Wierzchołek, Średnik, Gatno, Hutowe, Sobąckie and Polaszkowskie) were studied in the years 2006-2007. The measurement of the load on both lake inflows and outflows were taken at monthly intervals (Maślanka, Jańczak 2010 ).
Inflow of river water into the Baltic Sea
Inflow of river water into the Baltic Sea from the territory of Poland in individual years may vary significantly. Kaczmarek (1978) estimated this inflow to be 56 km 3 , Stachý (1987) estimated it as 58.6 km 3 (for the multi-annual period of [1951] [1952] [1953] [1954] [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] , and Gutry-Korycka (1982) estimated it to be 53.6 km 3 (for the multi-annual period of . For the multi-annual period of 1990-2007 (Table 1) , for which there also exist data for biogenic substances, it Table 2 Geographic location and basic morphometric data of the studied lakes. (Table 1) . For this area data relating to precipitation also exists. Theoretically, the outflow should predominantly depend on precipitation. However, for the studied period of time, the multi-annual period of 1990-2007, there is no such statistically significant interdependence ( Fig.  3 and 4) . This is because the outflow is also determined by other elements of the natural environment, such as surface cover, geological structure and lakes. It is presumed that these are the lakes which might play an important role.
Estimation of water flowing through the lakes of northern Poland
According to Choiński (1992) the total water resources of the Polish lakes amount to 19.7 km 3 , while according to Jańczak (1999) they amount to about 18.6 km 3 . However, these are static resources of the lakes, which are not exchanged annually. Every lake, though, especially the larger ones, plays some transformational role. The water flowing in is retained, and then it flows out after a certain period of time. During a hydrological year only the dynamic water resources take part in the outflow from the lakes. In accordance with the methodology, these resources were estimated for both through-flow and outflow lakes of over 100 ha. There are 507 such lakes. The total area of these lakes is 1928 km 2 , while their total capacity is 15.1 km 3 . Summative outflow from all these lakes amounts to 18.0 km 3 . This makes up over 1/3 of the average inflow of water into the Baltic Sea from the entire territory of Poland. This amount should also be enlarged by the outflow from smaller lakes, which is difficult to estimate. However, in accordance with the approximate calculation conducted on the test areas, the amount of water flowing through lakes is 220% to 360% larger than that flowing out from a given area (Jańczak 2002) . This is because most of the lakes are located along the courses of the same rivers. The water measured on the tributary of a lacustrine river needs to flow through all "its" lakes, which means that water flowing out of some lakeland areas may flow through lakes a number of times. In each lake both the amount and the quality of water is transformed.
Inflow of biogenic substances into the Baltic Sea through the rivers of Poland
Rivers are the Baltic Sea's main source of biogenic substances. The share of the deposition of atmospheric nitrogen in the total transport into the sea is estimated to be 25%, while for phosphorus it is about 5% (Helcom 2004). In this paper, however, this source of contamination was excluded and the balance was limited to the contamination loads brought by rivers.
The inflow of phosphorus and nitrogen compounds to the Baltic Sea from the territory of Poland in the years 1990-2007 is presented in Table 1 and Fig. 5 . Mean annual inflow for this multi-annual period of time is 11.7 th. tons of phosphorus and 181.3 th. tons of nitrogen. In certain years the loads of biogenic substances varied significantly, which is sometimes connected with the diversity of the water inflow (Fig. 6, 7) . Nitrogen compounds, more easily dissolved in water and able to infiltrate the deeper layers of soil, show some interdependence with the water inflow (R 2 = 0.68). Phosphorus compounds, which easily combine with the soil elements in its upper layers and thus do not infiltrate the deeper layers of the soil, do not show such an interdependence (R 2 = 0.36). These differences are also connected with the sources of these compounds. The majority of nitrogen compounds come from fertilizers used in farming. Their intensified inflow recorded in winter and early spring supports the idea that they predominantly come from nonpoint source contamination. The majority of phosphorus compounds, on the other hand, come from point sources of pollution, both industrial and municipal, which disturbs the seasonality of outflow. Transformation of biogenic substances in lakes may be an additional factor overlapping with the above processes.
Role of lakes in transformation of biogenic load -discussion of the results
Figures 8 represent loads of nitrogen and phosphorus in the streams flowing into and flowing out of four lakes: Sława, Ostrowiec, Krępsko and Jasień. Large differences in the process of transformation are recorded for various lakes as well as for different years. In the case of nitrogen load, similar changes were recorded in the lakes Jasień and Krępsko, in which the load always increased although with varying intensity. In the lakes Sława and Ostrowiec the transformation process was different. Over multiple years these lakes generally reduced the load, although in individual years the situation varied. In the case of Lake Sława , the inflow load was larger for four years, the outflow load was lower two years, and one year the inflowing and outflowing loads were more or less the same. In the case of Lake Ostrowiec during three seasons the inflowing load was larger, once the outflowing load was larger and in three years the load of both inflow and outflow were generally the same. The loads of phosphorus in Lake Jasień were always larger at the outflow. For five years Lake Krępsko saw larger outflows. One year it was higher at the inflow and once it was balanced. In Sława and Ostrowiec lakes, the inflowing loads were higher for five years. Once the loads were higher at the outflow and once they were balanced, although for each lake these were different years. The fluvial-lacustrine Kamionki system includes six lakes of diverse but rather small size (Table 2) connected by short river sections. In terms of nitrogen load (Fig. 9) , in four lakes similar transformations took place. In three of them (Wierzchołek, Średnik and Sobąckie), the load was reduced, and in the fourth one (Hutowe) the load was increased. In the other two lakes (Gatno and Polaszkowskie), in 2006 the load increased, while in 2007 it decreased. In terms of phosphorus (Fig. 9) , only two lakes (Średnik and Sobąckie) for two years played the same role -they decreased the load. In the other four lakes part of the load was retained in one year, while in the next year the load was enriched.
These examples indicate that lakes can either reduce or increase the load. The function of many lakes, however, is changeable. The magnitude of the transformation is also not stable. Similar conclusions can be found in other publications (Uchmański, Szeligiewicz 1988; Bajkiewicz-Grabowska et al. 1992; Hillbricht-Ilkowska 1994; Kajak 1998; Gołdyn 2000; Jańczak 2002 ; Bajkiewicz-Grabowska 2002; Bajkiewicz-Grabowska, Zdanowski 2006; Jańczak et al. 2007) . Proposed explanations for this include the morphometric features of lake basins, changeable hydro-meteorological conditions and lake water trophism. Firm conclusions about the effects of these factors cannot be drawn since the number of lakes studied is still insufficient. The load measured at the outflow from the lakes was also calculated per the area of their catchment basins, yielding results in kg ha -1 y -1 . The results are presented in Table 3 . These results can be compared with those obtained during the studies on experimental catchment basins, which were conducted in order to calculate the outflow from the nonpoint source pollution of the coastal rivers: the Słupia, Łupawa, Łeba, Reda and Pasłęka (Niemirycz et al. 1993 ). For the above catchment basins the nitrogen outflow ranged from 1.7 kg N ha -1 y -1 (the Łupawa) to 3.2 kg N ha -1 y -1 (the Pasłęka); with 2.48 kg N ha -1 y -1 as the average. Phosphorus outflows ranged from 0.2 kg P ha -1 y -1 (the Słupia and the Łupawa) to 0.28 kg P ha -1 y -1 (the Pasłęka); with 0.22 kg P ha -1 y -1 as the average (Niemirycz et al. 1993 ). The results presented in this article are only partly similar to the above (Table 3 ). The loads of biogenic substances flowing out of all the lakes of the Kamionki system are very low. The average load of nitrogen flowing out of the catchment basin of these lakes is only 1.5 kg N ha -1 y -1 , while that of phosphorus is 0.035 kg P ha -1 y -1 . These levels do not vary much from lake to lake or from year to year. This catchment basin, where farming and forestry are common, is under minimal human pressure. Moreover, it has a lot of endorheic basins which catch biogenic substances well and the many lakes of the area do not show high levels of eutrophication. Outflow of biogenic substances fluctuated very little in spite of significantly different levels of yearly precipitation.
At the nearby measurement station in Borucino 2006 precipitation reached only 556 mm, while in 2007 it was 963 mm. The higher precipitation level, however, did not result in a significantly increased water flow and load of biogenic substances in the fluvial-lacustrine system of Kamionki. According to Bogdanowicz (2004) , the influence of hydrological and meteorological conditions on the volume of biogenic loads transported along the coastal rivers is crucial. However, it may be different in individual areas. Moreover, lakes may play a significant transforming role. In the lakes of the Kamionki system it is mostly aregulating and stabilizing role. The lakes Sława, Ostrowiec, Krępsko and Jasień may seriously change the volume of the load of biogenic substances in individual years ( fig. 8, Table 3 ).
CONCLUSIONS
• The run-off of biogenic substances from nonpoint (agricultural) sources of pollution may be significantly modified by lakes.
• The inflow of riverine waters carrying nitrogen and phosphorus compounds into the Baltic Sea is affected by retention waters from the lakes in their riverine basin areas.
• Most lakes increase or decrease the outflow of biogenic substances' load; only a few of them play solely a transit role. 
